Lychnis belongs to Caryophyllaceae and contains a number of horticulturally attractive species. In order to widen their variations in horticultural traits, interspecific cross-pollination and subsequent immature seed culture were carried out using 8 Lychnis species, L. chalcedonica, L. coronata, L. fulgens, L. gracillima, L. kiusiana, L. miqueliana, L. sieboldii, and L. wilfordii. Enlarged fruits containing immature seeds were obtained in the 26 cross-combinations 4 weeks after pollination. Immature seeds were isolated from the fruits and cultured on halfstrength Murashige and Skoog medium without plant growth regulators, on which germination occurred in 11 cross-combinations and seedlings were produced in 8 cross-combinations. However, green seedlings were obtained only in L. fulgens × L. sieboldii, and seedlings obtained from the other 7 cross-combinations,
Introduction
Lychnis belongs to Caryophyllaceae and consists of about 30 species, which are distributed in the temperate regions of the Northern Hemisphere, from East Asia to Europe (Magnus et al., 2008) . Six Lychnis species, L. fulgens, L. gracillima, L. kiusiana, L. miqueliana, L. sieboldii, and L. wilfordii, are found in Japan (Ohwi and Kitagawa, 1983) . Since Lychnis species have beautiful flowers, they are widely cultivated as pot or garden plants. Although some Lychnis cultivars have so far been produced by sport selection or intraspecific hybridization , there are still few variations in horticultural traits, such as plant form, flower color, and shape, within each species.
Cross-breeding is one of the well-established strategies for introducing desirable traits and producing novel cultivars in diverse ornamental plants. Although cross-breeding has generally been achieved within the species, interspecific hybridization may be more effective for widening the variability in horticultural traits. Interspecific hybridization is often prevented by a cross-incompatibility barrier, but such barriers can partly be overcome by embryo rescue techniques such as embryo, ovule, and immature seed cultures. Interspecific and intergeneric hybrids have successfully been obtained by embryo rescue techniques in a wide range of ornamental plants, Lilium (Obata et al., 2000; Van Tuyl et al., 1991) , Zantedeschia (Yao et al., 1994) , Primula (Amano et al., 2006; Kato et al., 2008) , Colchicaceae plant (Amano et al., , 2009 , and Cyclamen (Ishizaka, 2008) . In Lychnis, only one viable hybrid plantlet has been obtained successfully between
Pollination and immature seed culture
Cross-pollination and subsequent immature seed culture were performed according to Godo et al. (2009) . Hand-pollination with fresh pollen was conducted in 31 cross-combinations (Table 1) . Enlarged fruits were harvested 4 weeks after pollination and surface-sterilized with 70% ethanol for 1 min followed by 3 rinses with sterilized, distilled water. Immature seeds were isolated from the fruits and cultured on half-strength MS medium (Murashige and Skoog, 1962) lacking plant growth regulators but with 20 g·L −1 sucrose and 2 g·L −1 gellan gum, Table 1 . Seed set, seed germination, and seedling production by immature seed culture after interspecific cross-pollination in Lychnis.
z Data were recorded 4 weeks after cross-pollination. Parenthesized figures represent the percentage of pollinated flowers that produced fruits containing immature seeds. y Data were recorded within 4 weeks after pollination. Regenerated plantlets with a well-established root system were acclimatized according to Nonaka et al. (2011) . Acclimatized plants were then transplanted into pots and cultivated in the glasshouse.
Random amplified polymorphic DNA (RAPD) analysis
Isolation of total genomic DNA from leaves and RAPD analysis were performed according to Amano et al. (2007) and Godo et al. (2009) . For RAPD analysis, five DNA oligomer (12) sets, C3, C43, G4, G5, and G64 (Wako Pure Chemical Industries, Ltd., Osaka, Japan), were used. PCR amplification reactions contained 100 ng template DNA, 0.5 µM of each primer, 200 µM dNTP mixture (TaKaRa Bio, Inc., Shiga, Japan), 0.5 U Taq DNA polymerase (TaKaRa Bio) and 1 × Taq DNA polymerase reaction buffer (TaKaRa Bio) in a final volume of 20 µL. PCR amplification using the GeneAmp PCR System 2400 (PerkinElmer, Inc., Waltham, MA, USA) was performed by repeating 45 cycles of the following thermal treatments: 94°C for 1 min, 40°C for 1 min and 72°C for 1 min. Amplified DNA fragments were analyzed by electrophoresis in a 1.7% (w/v) agarose gel using TAE buffer. The size of each band was estimated using 100 bp DNA Ladder (TaKaRa Bio).
Morphological characterization, chromosome observation and pollen fertility Three plants were investigated for each parental species and hybrid line at the flowering stage. The length of the longest shoot and mean flower diameter of randomly selected 3 flowers were recorded for each plant. Flower color was investigated visually with the aid of the Japan Horticultural Plant Standard Color Chart (JHS Color Chart, Japan Color Research Institute, Tokyo, Japan) and expressed using the Inter-Society Color Council, National Bureau of Standard color name as well as the JHS Color Chart number according to Kuwayama et al. (2005) . Chromosome observation in root tip cells was carried out according to Nonaka et al. (2011) . Pollen fertility was evaluated by staining pollen grains with 1% (w/v) acetocarmine and described as the percentage of pollen grains with deeply stained cytoplasm (Nakano and Mii, 1993) .
Results and Discussion
In our preliminary experiments, self-pollination or intraspecific cross-pollination of all 8 Lychnis species used in the present study yielded mature seeds and viable progenies, indicating that both male and female reproductive organs function normally in these plants (data not shown). In the 26 cross-combinations, ovaries were enlarged and fruits containing immature seeds were produced 4 weeks after interspecific cross-pollination (Table 1 ). In the remaining five cross-combinations, ovaries were not enlarged or embryos were not developed in spite of fruit enlarging. Cross-combination largely affected the production of immature seeds: the percentage of pollinated flowers that produced immature seed-containing fruits varied from 8.7% in L. coronata
sieboldii, and L. wilfordii × L. fulgens; and the number of immature seeds per fruit also varied from 2 in L. coronata × L. gracillima to 68.3 in L. fulgens × L. sieboldii (Table 1) . Similar results were obtained in our previous study, in which immature seeds were obtained in most cross-combinations between a triploid genotype of L. senno and related diploid Lychnis species, but the number of immature seeds per fruit varied with the cross-combination ). When L. fulgens was used as the seed parent, both the percentage of pollinated flowers that produced immature seed-containing fruits and the number of immature seeds per fruit were generally high. On the other hand, when L. fulgens was used as the pollen parent, the number of immature seed per fruit was relatively low (Table 1) . Immature seed-containing fruits were not obtained for reciprocal cross-pollination of L. fulgens and L. coronata (Table 1) .
All the immature seeds were subjected to in vitro culture 4 weeks after cross-pollination and seed germination was observed 1 week to 2 months after culture initiation (Fig. 1A) . Seed germination was achieved in 11 cross-combinations, in which the percentage of germinating seeds varied from 0.6% in L. wilfordii × L. sieboldii to 50.0% in L. coronata × L. gracillima (Table 1) . No correlation between immature seed production and seed germination was observed. In
fulgens, and L. sieboldii × L. gracillima, no seed germination was observed, although more than 40 immature seeds per fruit were produced (Table 1) . Germinating seeds did not necessary develop into seedlings: 27.6-100% of germinating seeds developed into seedlings from (Table 1) . Furthermore, the seedlings of all cross-combinations except L. fulgens × L. sieboldii were albino (Fig. 1B) . These albino seedlings occasionally developed green shoots, but the shoots turned white thereafter; thus, they were viable only under in vitro conditions and died during acclimatization. RAPD analysis of some albino seedlings indicated that all the seedlings analyzed were interspecific hybrids between the corresponding parents (data not shown). Similar observations were reported in our previous study, in which most interspecific hybrid seedlings between a triploid genotype of L. senno and related Lychnis species were albino ; thus, production of albino seedlings may be a universal phenomenon in interspecific hybridization of Lychnis. The occurrence of albino hybrids has already been reported in interspecific hybridization studies of a wide range of plant genera such as Cicer Kumari et al., 2011 ), Hibiscus (Van Laere et al., 2007 , Lonicera (Miyashita and Hoshino, 2010) , Primula (Kato and Mii, 2000) , Rhododendron (Michishita et al., 2002; Sakai et al., 2008; Ureshino et al., 1999) , and Zantedeschia (Yao and Cohen, 2000; Yao et al., 1994) . This phenomenon has been considered to result from plastome-genome incompatibility between the nuclear genome of the pollen parent and the plastome of the seed parent, and normal green hybrids could often be obtained by reciprocal crossing (Kirk and Tilney-Bassett, 1978; Michishita et al., 2002; Miyashita and Hoshino, 2010; Ureshino et al., 1999; Yao et al., 1994 Yao et al., , 2000 . In the present study, albino seedlings were produced in L. kiusiana × L. fulgens and L. kiusiana × L. sieboldii, but no seed germination was observed in L. fulgens × L. kiusiana and L. sieboldii × L. kiusiana. In this case, further experiments should be performed to improve the culture conditions of immature seeds. On the other hand, only albino seedlings were obtained in two reciprocal cross-combinations, L. coronata and L. gracillima, and L. kiusiana and L. wilfordii. In this case, the occurrence of albino hybrids may have resulted from an incompatibility between nuclear genomes from both parents, rather than plastome-genome incompatibility, as suggested by Kumari et al. (2011) . It may be difficult at present to develop novel cultivars by interspecific hybridization between these species.
In the present study, green seedlings were obtained only in L. fulgens × L. sieboldii (Table 1, Fig. 1C ). These green seedlings were subjected to RAPD analysis in order to confirm their hybridity (Fig. 2) . A clear polymorphism was found in the RAPD profile obtained between L. fulgens and L. sieboldii using primer G43. All 55 green seedlings showed RAPD profiles containing both L. fulgens-specific and L. sieboldii-specific amplified fragments, indicating that they were interspecific hybrids.
Eighteen hybrid lines of L. fulgens × L. sieboldii were randomly selected and propagated by nodal segment culture. These hybrid plants grew well after acclimatization as the parental plants. About 2 years after cultivation in the glasshouse, they were subjected to morphological characterization at the flowering stage (Table 2 , Fig. 3 ). Although some morphological variations were observed among different hybrid lines, hybrid plants generally showed intermediate morphologies between the parents and were distinguishable from the parents. Two hybrid lines, FS-18 and FS-41, had much longer shoots than the parents, and FS-43 had much larger flowers than the parents. The flower colors of hybrids could be segregated into 2 types: 10R-1006 (vivid reddish orange), which was the same flower color as L. fulgens; and 7R-0707 (vivid red), which was similar to the flower color of L. sieboldii (7R-0714; deep reddish orange). Morphological variations among hybrids may have resulted from high levels of heterozygosity of either or both of the parental species.
Chromosome observation indicated that all the hybrid lines were diploid with 24 chromosomes (data not shown). All the hybrid lines showed pollen fertility of more than 85% as assessed with acetocarmine staining, and self-pollination of some hybrids yielded viable seeds (data not shown). These results indicate a close relationship between L. fulgens and L. sieboldii in the genus Lychnis. Evaluation of the phylogenetic relationship among Lychnis species used in the present study is now in progress by nuclear and plastid DNA analyses. The present study shows the possibility of interspecific cross-breeding in Lychnis. Hybrid plants of L. fulgens × L. sieboldii were fertile and had some horticulturally attractive characteristics; thus, these hybrids can be used directly as unique cultivars or as breeding materials. In the present study, however, seedlings were obtained from only 8 out of 31 cross-combinations by immature seed culture due to the failure of seed germination and the development of germinating seeds into seedlings; therefore, it is necessary to improve the culture conditions of immature seeds. In addition, interspecific cross-compatibility should be examined by using a wide range of Lychnis species. 
